INTRODUCTION {#s0}
============

Plants are intimately linked to the microbial communities that inhabit the soil-root continuum: not only do roots shape the environment where these communities establish, but the associated microorganisms can influence the nutrition, health, and overall fitness of their plant hosts ([@B1]). Extensive characterizations of root-associated microbiomes across various plant systems have yielded valuable insights into the factors affecting community assembly ([@B2][@B3][@B7]). Microbial diversity has been shown to follow a compositional transition from the outside to the inside of the root, with four distinct compartments identified along this gradient: bulk soil (not affected by root activity), rhizosphere (the soil microenvironment immediately surrounding the root), rhizoplane (the root surface), and endosphere (the root interior) ([@B8]). The specific compositions of these compartments depend upon soil source as root-associated microorganisms are predominantly acquired from the surrounding edaphic communities. Additionally, plant genotype is responsible for some of the variation observed in root microbiomes, suggesting an active role of the host in the establishment of the communities.

With these advances in our understanding of root microbiome structure, it is of interest to dissect the effect of extreme environments on community composition to help reveal how the network of plant-microbiome interactions is reshaped under challenging conditions ([@B9]). Furthermore, identification of root-associated microorganisms that thrive under adverse environments could lead to the discovery of beneficial symbioses since microbial traits that confer stress tolerance could potentially be advantageous to the host ([@B10]). Drought represents one of the major threats to food security as it can drastically decrease plant yield and lead to land degradation ([@B11]). Moreover, the frequency of droughts is projected to increase by the end of this century ([@B12]), a trend that could progressively alter the subterranean properties of affected agroecosystems. While drought has been shown to restructure the bacterial diversity in soils ([@B13], [@B14]), little is known about its influence on the communities assembled in the rhizocompartments of plants. These communities could be directly affected by drought stress and also by host-mediated processes as water deficit triggers a cascade of molecular, physiological, and developmental responses in plants ([@B15], [@B16]). Roots, in particular, can change their architecture ([@B17]) and resource allocation ([@B18]) to avoid dehydration. Root exudation profiles can also shift under stress ([@B19], [@B20]), potentially affecting rhizospheric properties.

In this study, we have examined the impact of drought on the root-associated microbiomes of cultivated rice. Rice is not only one of the major staple foods, but given its semiaquatic growth habitat, it is highly susceptible to water deficit. In particular, we have explored the compositional shifts in the rhizosphere, endosphere, and bulk soil communities of a diverse set of rice accessions grown in different soils. This approach has allowed us to assess the extent and conservation of the drought-mediated changes experienced by the root microbiota.

RESULTS {#s1}
=======

Root-associated microbiomes are spatially structured in distinct compartments whose compositions are affected by several factors, including soil type and plant genotype. Therefore, to examine the microbial community response to drought stress, we designed a multifactorial experiment to reveal interactions between changes in microbiota composition, if any, with these key determinants of root microbiome assembly (see [Fig. S1A](#figS1){ref-type="supplementary-material"} and [B](#figS1){ref-type="supplementary-material"} in the supplemental material). Briefly, we grew four cultivated rice varieties in three distinct soils under controlled greenhouse conditions. The set of chosen cultivars broadly covered the phylogenetic spectrum of domesticated rice with two *Oryza glaberrima* accessions: TOg7102 (G1) and CG14 (G2), and two *Oryza sativa* varieties: *indica* IR20 (S1) and *japonica* M206 (S2). Among these cultivars, CG14 has been previously identified as drought resistant ([@B21]). For this experiment, soils were collected from rice fields at three separate locations across the California Central Valley (Arbuckle, Davis, and Biggs \[[Fig. S1C](#figS1){ref-type="supplementary-material"}\]) in order to obtain a variant set of edaphic communities encountered by cultivated rice in this region ([@B5]). Drought was imposed on 1-month-old plants by ceasing irrigation and letting the soils progressively dry down until half of the plants exhibited leaf rolling, a common symptom of drought stress ([@B22]). At this point, sufficient water was added periodically to keep the plants alive but still under stress (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). Three weeks after water withdrawal, soil from treated samples exhibited an average reduction of 61% in moisture content relative to control samples that were kept under well-irrigated conditions (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). The amount of water lost varied between soil types and cultivars, with the *O. sativa* varieties retaining the highest percentage of moisture by the end of the experiment. In contrast, bulk soils that underwent the same dry-down regime lost an average of 9% moisture during that period, showing that plants drastically increased the desiccation rate in planted soils. It is important to note that the drought-stressed plants remained viable throughout the experiment, as demonstrated by their rapid response to watering with loss of the visible drought symptoms.
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Experimental design. (A, B, and D) Watering treatment was assigned to main plots (A), and combinations of cultivar and soil types were assigned to subplots (B). (C) Locations of rice fields where soils were collected. (E) Section of the root sampled for DNA extraction. Download FIG S1, EPS file, 0.4 MB.
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Representative set of cultivars TOg7102 (A), CG14 (B), IR20 (C), and M206 (D) at the end of the experiment. Download FIG S2, PDF file, 0.5 MB.
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\(A\) Soil water content of drought and control samples at the end of the experiment. (B) Analysis of variance (ANOVA) testing the effect of watering treatment, soil type, and cultivar on the water content of soils at the end of the experiment. Bulk soil samples were excluded before running the analysis. Download TABLE S1, PDF file, 0.1 MB.
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In order to examine the root-associated microbiome response to water deficit, we sampled roots immediately below the root-shoot junction ([Fig. S1E](#figS1){ref-type="supplementary-material"}). This allowed us to assess the compositional transitions of communities already assembled in roots rather than changes in the colonization of new root tissue. We profiled the communities assembled in the rhizosphere and endosphere, as well as in unplanted bulk soils, via high-throughput sequencing. In particular we amplified the V4 region of the 16S rRNA gene to survey the bacterial and archaeal diversity. After removing chimeric and organellar sequences and filtering out operational taxonomic units (OTUs) not present in at least 5% of our samples, we identified 12,892 OTUs (mean of 29,910 reads per sample).

Root bacterial and archaeal communities exhibit drought-mediated compositional shifts. {#s1.1}
--------------------------------------------------------------------------------------

We analyzed the impact of each of the experimental factors and their interactions on the overall composition by performing a permutational multivariate analysis of variance (PERMANOVA) on weighted UniFrac distances (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). The results showed that all of the main experimental factors significantly impacted the rice root-associated bacterial and archaeal communities, with compartment representing the main source of variation (*R*^2^ = 0.285, *P* \< 0.001), followed by soil type (*R*^2^ = 0.277, *P* \< 0.001), drought treatment (*R*^2^ = 0.099, *P* \< 0.001), and cultivar (*R*^2^ = 0.023, *P* \< 0.001). An unconstrained principal-coordinate analysis (PCoA) confirmed some of these findings ([Fig. 1A](#fig1){ref-type="fig"} to [C](#fig1){ref-type="fig"}): while the first principal coordinate (PCo1) displayed the compositional transition across the soil-root continuum (spatial compartmentalization), the second one separated the communities by soil type. Moreover, the third axis exposed a clear distinction between drought-treated versus control samples. Cultivar differences were not immediately evident in the unconstrained ordination but were uncovered by a canonical analysis of principal coordinates (CAP) that partialed out the other experimental variables ([Fig. 1D](#fig1){ref-type="fig"}). This approach revealed a separation between *O. sativa* and *O. glaberrima* cultivars, a result that mirrors patterns previously reported for rice ([@B5]).
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\(A\) PERMANOVA testing the effect of soil, compartment, and watering treatment on beta-diversity. (B) Simple effects testing the effect of drought within each level of compartment. (C) PERMANOVA testing the effect of soil, compartment, watering treatment, and cultivar on beta-diversity. Because bulk soils do not have a cultivar assigned, they were excluded before running the analysis. All analyses were performed on weighted UniFrac distances. Download TABLE S2, PDF file, 0.03 MB.
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![Compartment, soil type, drought treatment, and cultivar shape the overall composition of root-associated bacterial and archaeal communities. (A to C) Unconstrained analysis of principal coordinates. (D) Partial canonical analysis of principal coordinates constrained to cultivar effect while controlling for soil, treatment, and compartment effects. Orange points correspond to *O. glaberrima* varieties (G1, TOg7102; G2, CG14), while purple ones correspond to *O. sativa* varieties (S1, IR20; S2, M206). All analyses were performed on weighted UniFrac distances.](mbo0041733880001){#fig1}

The PERMANOVA also detected a significant interaction between compartment and treatment (*R*^2^ = 0.020, *P* \< 0.001), suggesting a potential differential response to water deprivation across compartments. To further interrogate this possibility, we performed a partial CAP that assessed the variation due to compartment, drought treatment, and their interaction, while removing the effect of soil type (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). The constrained ordination showed that the divergence between treated and control communities was much higher in the rhizocompartments than in the bulk soil communities. This observation was further supported by a simple effect analysis that split the effect of drought treatment by each compartment ([Table S2](#tabS2){ref-type="supplementary-material"}): while drought significantly affected the composition of the communities assembled in all compartments, the effects were stronger in the endosphere (*R*^2^ = 0.059, *P* = 0.003) and rhizosphere (*R*^2^ = 0.052, *P* = 0.003) than in the bulk soil (*R*^2^ = 0.008, *P* = 0.003). Given that bulk soil samples retained much higher levels of moisture than planted soils ([Table S1](#tabS1){ref-type="supplementary-material"}), it is likely that the relatively strong rhizospheric community response is, in part, a consequence of the differences in water deficit experienced by that community. Plant processes could also be contributing to and amplifying the changes in the rhizospheric and endospheric communities.
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Partial canonical analyses of principal coordinates constrained to compartment and treatment while controlling for soil effect. CAP was performed on weighted UniFrac distances. Download FIG S3, EPS file, 0.6 MB.
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Differential abundance of bacterial taxa under drought. {#s1.2}
-------------------------------------------------------

In order to identify taxa that were enriched or depleted in drought-stressed communities, we fitted negative binomial models to the abundances of individual taxa and evaluated differential abundance patterns between treated and control samples using the Wald test. These analyses were performed at the phylum and OTU levels to assess the extent of these changes at different taxonomic ranks.

Phylum-level analysis. {#s1.3}
----------------------

First, we evaluated the main effects of drought treatment and the other experimental variables on the abundances of bacterial and archaeal phyla. Since 45% of the reads in our 16S data set were identified as *Proteobacteria*, we split this group into its respective classes ([Fig. 2A](#fig2){ref-type="fig"}). Out of 59 higher taxa, 38 were significantly influenced by water deprivation (see [Fig. S4A](#figS4){ref-type="supplementary-material"} in the supplemental material). Moreover, the cumulative relative abundance (CRA) of this set of microbes amounted to 70% ([Fig. S4B](#figS4){ref-type="supplementary-material"}). In comparison, spatial compartmentalization, soil type, and cultivar influenced 44 (95% CRA), 43 (80% CRA), and 10 (5% CRA) taxa, respectively. Thus, while compartment and soil source remained the primary determinants, drought was also a major factor affecting the relative abundances of higher taxa. We further inspected the drought-mediated changes within individual compartments in each of the soils ([Fig. 2B](#fig2){ref-type="fig"}). Regardless of soil type, drought affected only a few low-abundance phyla in the bulk soils, whereas it shifted major and minor groups in the rhizospheric and endospheric compartments. Out of all the phyla affected, 6 were significantly enriched under drought stress and 35 were significantly diminished, indicating a broad exclusionary effect of drought at this taxonomic level. Furthermore, for phyla detected as significant across multiple tests, the direction of the response (increase or decrease in relative abundance after the drought treatment) was always consistent. Among this group, various highly abundant taxa were affected in all or most rhizocompartments and soils, including *Actinobacteria* and *Chloroflexi* (both significantly enriched under drought), as well as *Deltaproteobacteria* and *Acidobacteria* (both significantly depleted under drought). Additionally, several low-abundance taxa (*Nitrospirae*, *Parvarchaeota*, WS3, *Spirochaetes*, and *Elusomicrobia*) were also consistently depleted under drought. Thus, the core response to drought at the phylum level comprised a diverse set of taxa that included some of the most prominent members of rice root communities.
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Compartment, soil, drought treatment, and cultivar affect the relative abundances of higher taxa. (A) Main effects on the relative abundances of higher taxa in bacterial and archaeal communities. The color in the cell displays the −log~10~ adjusted *P* value of the differentially abundant (*P* \< 0.05) taxa. (B) Cumulative relative abundance of the taxa affected by each factor. Download FIG S4, EPS file, 0.5 MB.
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![Drought affects the relative abundances of bacterial and archaeal higher taxa. (A) Relative abundances of the most abundant phyla and *Proteobacteria* classes in each compartment, soil, and drought treatment. (B) Drought-responsive taxa (*P* \< 0.05) in each compartment and soil type. The color of the cell indicates the log~2~ fold change in relative abundance with respect to the control treatment: an increase tends toward brown, while a decrease tends toward green. Taxa are ranked by the cumulative relative abundance in the whole data set as indicated by the gray scale at the bottom of the plot. The plot displays all taxa detected as significantly affected by drought treatment in at least one compartment or soil type.](mbo0041733880002){#fig2}

OTU-level analysis. {#s1.4}
-------------------

To identify the OTUs driving these taxonomic shifts, we assessed the impact of water deprivation on the abundances of individual OTUs. Similar to the analysis carried out at the phylum level, we performed tests for each compartment within each soil type. Across all these contrasts, we detected 1,461 drought-responsive OTUs that spanned 31 phyla, 62 classes, 87 orders, and 111 families ([Fig. 3](#fig3){ref-type="fig"}; see [Data Set S1](#dataS1){ref-type="supplementary-material"} in the supplemental material). Out of these differentially abundant OTUs, 52% were enriched under drought, while 48% were depleted. Between compartments, the rhizosphere communities presented the highest number of differentially abundant OTUs, followed by the endosphere and bulk soil communities ([Fig. 3A](#fig3){ref-type="fig"}). Nevertheless, the drought-responsive OTUs detected in the endospheric compartment accounted for the highest cumulative relative abundances within their respective communities, a pattern that was consistent across all soil types ([Fig. 3B](#fig3){ref-type="fig"} and [C](#fig3){ref-type="fig"}).
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List of OTUs detected as differentially abundant between control and drought samples within each soil-compartment combination. The estimate column represents the log~2~ fold change in relative abundance with respect to water controls. Adjusted *P* values were calculated using the Bonferroni correction for multiple comparisons. Download DATA SET S1, TXT file, 0.3 MB.
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![Drought affects a taxonomically diverse array of OTUs. (A) Number of OTUs detected as differentially abundant (*P* \< 0.05) between control and drought-treated samples. (B and C) Cumulative relative abundances of drought-responsive OTUs in well-watered (B) and drought-stressed (C) communities. (D) Phyla, classes, orders, and families most highly represented in the set of drought-responsive OTUs. The colored point to the left of each bar indicates the phylum or *Proteobacteria* class to which the taxon belongs.](mbo0041733880003){#fig3}

Among drought-enriched OTUs, *Actinobacteria* was, by far, the most highly represented phylum in both rhizosphere and endosphere communities ([Fig. 3D](#fig3){ref-type="fig"}). In particular, multiple families of the order *Actinomycetales* were identified across all soil types. Various *Actinobacteria* OTUs belonging to the *Thermoleophilia* and *Acidimicrobiia* classes were also enriched, although most of them were detected in the rhizosphere. Thus, the ubiquitous *Actinobacteria* increase observed at the phylum level stemmed from the simultaneous enrichment of a taxonomically diverse set of OTUs. Additionally, the relative abundances of several OTUs classified as *Chloroflexi*, mainly from the class *Anaerolineae*, increased under water deficit. Within *Proteobacteria*, most drought-enriched OTUs were classified as *Alphaproteobacteria* and *Betaproteobacteria*. *Alphaprotebacteria* was mainly represented by the orders *Sphingomonadales*, *Caulobacterales* (both mostly in the endosphere), and *Rhizobiales* (mostly in the rhizosphere), while *Betaproteobacteria* was mostly represented by the order *Burkholderiales*. Finally, in the rhizosphere, drought led to an enrichment of OTUs belonging to classes *Bacilli* (phylum *Firmicutes*) and *Planctomycetia* (phylum *Planctomycetes*).

The phylum with the most drought-depleted OTUs across both rhizocompartments was *Proteobacteria* ([Fig. 3D](#fig3){ref-type="fig"}). The majority of these OTUs were classified as *Deltaproteobacteria*, with *Myxococcales* and *Desulfuromonadales* being the orders most broadly affected. OTUs from the order *Rhodocyclales* (class *Betaproteobacteria*) were also consistently depleted by drought in all soils and rhizocompartments. In the rhizosphere, *Acidobacteria* was the second most highly represented phylum within the drought-depleted set. Specifically, various OTUs belonging to classes *Acidobacteria* and *Solibacteres* were detected. Lastly, multiple OTUs identified as *Clostridia* (phylum *Firmicutes*), *Bacteroidia* (phylum *Bacteroidetes*), and *Phycisphaerae* (phylum *Planctomycetes*) were also depleted under drought: the first two groups were detected in both compartments, while the last one was detected mainly in the rhizosphere.

Coherence of drought response across taxonomic ranks. {#s1.5}
-----------------------------------------------------

Comparison of the results obtained at the phylum- and OTU-level analyses ([Fig. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}) shows that some of the major taxonomic trends were consistent in both cases: *Actinobacteria* and *Chloroflexi* were enriched under drought, while *Deltaproteobacteria* and *Acidobacteria* were depleted. On the other hand, some taxa not detected as responsive at the phylum level were nevertheless highly represented in the set of drought-responsive OTUs (e.g., *Alphaproteobacteria*). Furthermore, while the overall relative abundances of certain phyla were significantly lower under drought, several OTUs within those phyla responded in the opposite direction (e.g., within the *Firmicutes*). This last observation highlights the importance of assessing the consensus in the response to drought stress as it can reveal the ecological and functional coherence of higher taxonomies ([@B23]). To address this question, we calculated the percentage of drought-responsive OTUs whose relative abundances shifted in the same direction (i.e., enrichment or depletion under drought) within major taxa ([Fig. 4](#fig4){ref-type="fig"}). At the phylum level, *Actinobacteria* and *Chloroflexi* showed the greatest consensus toward drought enrichment as more than 90% of their OTUs followed that trend. In contrast, *Acidobacteria* was the only phylum with more than 90% OTUs decreasing under drought. At lower taxonomic ranks, various classes and orders were highly coherent despite belonging to phyla with low consensus in their response to drought. For example, within *Proteobacteria*, class *Deltaproteobacteria* and order *Rhodocyclales* (class *Betaproteobacteria*) were persistently depleted under drought. Among *Firmicutes*, class *Clostridia* diminished under drought, whereas class *Bacilli* increased. Within *Planctomycetes*, all *Planctomycetia* were enriched, and among *Bacteroidetes*, most *Bacteroidia* were depleted. Together, these results suggest a strong taxonomic clustering in the responses of root-associated OTUs to drought.

![Drought response is generally coherent within higher taxa. (A) Taxonomy dendrogram displaying the drought-responsive OTUs (*P* \< 0.05) detected across all compartments and soil types. Only the OTUs belonging to the most represented higher taxa (innermost circle) are shown, while a complete list of all the differentially abundant OTUs is provided in [Data Set S1](#dataS1){ref-type="supplementary-material"}. The three outermost rings indicate the number of soil types in which the relative abundance of an OTU was significantly higher (brown) or lower (green) under drought in the rhizosphere (RS), endosphere (ES), and bulk soil (BS) communities. The nodes in the cladogram indicate the phylum (Phy.), class (Cla.), order (Ord.), and family (Fam.) to which each OTU belongs. The color of the node represents the response coherence (measured as the percentage of OTUs enriched or depleted under drought) within the subtree rooted at that node: consistent enrichment under drought tends toward red, while consistent depletion tends toward blue. (B) Percentage of OTUs within individual taxa that were enriched or depleted under drought stress. Only taxa with more than 15 OTUs are shown. The colored point to the left of each bar indicates the phylum or *Proteobacteria* class to which the taxon belongs.](mbo0041733880004){#fig4}

Interactions between drought treatment and rhizocompartment. {#s1.6}
------------------------------------------------------------

We analyzed the interaction between drought and root compartments by exploring the overlap between the drought-responsive OTUs detected in the rhizosphere and endosphere. While there was a considerable overlap between the communities, the majority of OTUs affected by drought were usually compartment specific ([Fig. 5A](#fig5){ref-type="fig"}; see [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material). A potential explanation for this differential response to drought is that certain OTUs were depleted or enriched in particular compartments before the communities were exposed to water deprivation. Under this scenario, differential abundance patterns between rhizospheric and endospheric communities, established during root microbiome assembly predetermined the set of OTUs that could have responded to drought in each compartment. We utilized the control samples to estimate the root assemblies prior to drought treatment, with the assumption that root communities of watered 4-week-old rice plants do not show much change during vegetative growth to 7-week-old plants ([@B5]). Specifically, we compared the rhizospheric and endospheric communities of well-watered samples to identify which OTUs significantly differed between these compartments. Overall, many more OTUs were enriched in the rhizosphere than in the endosphere regardless of soil source ([Fig. 5B](#fig5){ref-type="fig"}). This is consistent with previous findings showing that the acquisition of an endospheric microbiota involves a strong exclusion of soil microbes, probably occurring at the root surface ([@B8]). We then focused on the OTUs that were affected by water deprivation in only one compartment and assessed the relationship between their response to drought and compartment enrichment patterns ([Fig. 5C](#fig5){ref-type="fig"} and [D](#fig5){ref-type="fig"}). Among OTUs whose relative abundances decreased under drought, we found that most (70 to 75% \[[Fig. 5D](#fig5){ref-type="fig"}\]) were differentially abundant between compartments in well-watered communities. Specifically, the compartment in which they were enriched was correlated with the compartment in which they were exclusively depleted by drought: i.e., OTUs that were only drought depleted in the endosphere were, under well-watered conditions, predominantly enriched in that compartment relative to the rhizosphere. Thus, compartment-specific drought depletion likely resulted from differential abundances between compartments preceding the drought treatment. On the other hand, among the drought-enriched set, there was a much higher proportion (80 to 85% \[[Fig. 5D](#fig5){ref-type="fig"}\]) of OTUs whose relative abundances were not significantly different between rhizosphere and endosphere communities under well-watered conditions, a pattern observed across all three soils. Thus, despite being present in both compartments at similar abundances under well-watered conditions, these OTUs were differentially affected by drought based on their location. Among this group of OTUs, certain taxa were highly represented based on the specific compartment in which they were drought enriched ([Fig. S5E](#figS5){ref-type="supplementary-material"}). For example, most OTUs classified as orders GCA004 (*Chloroflexi*) and *Burkholderiales* (*Betaproteobacteria*) were detected in the endosphere, whereas most OTUs belonging to classes *Bacilli* (*Firmicutes*), *Planctomycetia* (*Planctomycetes*), *Thermoleophilia* (*Actinobacteria*), and *Acidimicrobiia* (*Actinobacteria*) were identified in the rhizosphere ([Fig. S5E](#figS5){ref-type="supplementary-material"}).
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Rhizosphere and endosphere communities exhibit a distinct drought response in Biggs and Davis soils. (A) Overlap of drought-responsive OTUs between compartments. (B) Mean OTU abundance plot displaying the patterns of abundance between rhizospheric and endospheric compartments in well-watered communities. The *x* axis displays the mean abundance of the OTUs, and the *y* axis displays the log~2~ fold change in relative abundance with respect to the rhizosphere: a positive value indicates enrichment in the endosphere, while a negative value indicates enrichment in the rhizosphere. (C) Relationship between drought response and differential abundance between compartments of drought-responsive OTUs. The *x* axis displays the log~2~ fold change in relative abundance with respect to the control treatment: a positive value represents drought enrichment, and a negative value represents drought depletion. The *y* axis displays the differential abundance patterns between compartments under well-watered conditions. (D) Proportion of drought-responsive OTUs that were differentially abundant between compartments under well-watered conditions. (E) Most highly represented orders in the set of OTUs detected as not differentially abundant between compartments but that were drought enriched in a compartment-specific manner. The left bar plots represent the percentage of OTUs that were drought enriched in each compartment, and the right bar plots show the number OTUs detected in each soil. Download FIG S5, EPS file, 2.7 MB.
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![Rhizosphere and endosphere communities exhibit a distinct drought response. This figure only shows the results obtained for plants grown in Arbuckle soil. The rest of the soils displayed similar patterns (shown in [Fig. S5](#figS5){ref-type="supplementary-material"}). (A) Overlap of drought-responsive OTUs between compartments. (B) Mean OTU abundance plot displaying the patterns of abundance between rhizospheric and endospheric compartments in well-watered communities. The *x* axis displays the mean abundance of the OTUs, and the *y* axis displays the log~2~ fold change in relative abundance with respect to the rhizosphere: a positive value indicates enrichment in the endosphere, while a negative value indicates enrichment in the rhizosphere. (C) Relationship between drought response and differential abundance between compartments of drought-responsive OTUs. The *x* axis displays the log~2~ fold change in relative abundance with respect to the control treatment: a positive value represents drought enrichment, and a negative value represents drought depletion. The *y* axis displays the differential abundance patterns between compartments under well-watered conditions. (D) Proportion of drought-responsive OTUs that were differentially abundant between compartments under well-watered conditions.](mbo0041733880005){#fig5}

Interactions between drought treatment and genotype. {#s1.7}
----------------------------------------------------

Although plant genotypes had a relatively modest effect on the overall composition of root-associated microbiota ([Table S2](#tabS2){ref-type="supplementary-material"}), they could have still influenced responses of individual OTUs to drought. To evaluate this possibility, we assessed the interactive effect of cultivar and watering regime on the relative abundances of OTUs. Across all these comparisons, we only detected 34 significant interactions (see [Fig. S6](#figS6){ref-type="supplementary-material"} in the supplemental material)---all in the rhizosphere. This compartment-specific cultivar effect on drought response is consistent with previous results in rice showing that host genotype influences microbial composition mostly in the rhizosphere ([@B5]). Furthermore, these interactions were only observed in communities from plants grown in the Davis and Biggs soils, with no overlap between the OTUs detected in both soils. This result indicates that the interactive effect was highly dependent on the edaphic conditions experienced by the plant and root-associated microbiome. A closer inspection of the particular shifts in these OTUs revealed that, in most cases, OTUs experienced a stronger drought effect in the *O. glaberrima* cultivars than in the *O. sativa* cultivars. This contrasting effect between rice species could have resulted from differences in the microbiome assembled in each cultivar or from host-specific drought responses. Additionally, these cultivar-treatment interactions could also be related to differences in the percentage of soil moisture retained by each cultivar as *O. glaberrima* samples showed a stronger decrease in water content than *O. sativa* samples ([Table S1](#tabS1){ref-type="supplementary-material"}). To summarize, the genotype-drought interactions are relatively minor, such that the overall effects of drought stress on microbiome composition are consistent for the different varieties of cultivated rice.
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OTUs whose relative abundances were significantly affected by the interaction between drought and cultivar in the rhizosphere communities of plants grown in Biggs (A) and Davis (B) soils. The points on the *x* axis display the log~2~ fold change in relative abundance with respect to water controls. Only significant effects (*P* \< 0.05) are shown. Download FIG S6, EPS file, 1.1 MB.
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Root-associated fungal communities also exhibit shifts under drought stress. {#s1.8}
----------------------------------------------------------------------------

We amplified and sequenced the internal transcribed spacer 1 (ITS1) to characterize the effect of drought on the fungal communities associated with rice roots. After discarding nonprevalent OTUs (see Materials and Methods), we identified 1,025 OTUs (mean of 38,034 reads per sample) clustered at a 97% similarity threshold. Even though the primer set we used was optimized for amplification of fungal ITS1 sequences ([@B24], [@B25]), OTUs without an assigned taxonomy represented a significant portion of these profiles: 435 OTUs that accounted for 20% of our data. Moreover, the distribution of unclassified OTUs varied widely across samples (see [Fig. S7A](#figS7){ref-type="supplementary-material"} and [B](#figS7){ref-type="supplementary-material"} in the supplemental material). Four out of the five most abundant unclassified OTUs returned fungal sequences as the top hits in BLAST searches (see Materials and Methods), consistent with their fungal origin. The lack of taxonomic information for a substantial portion of our data hindered the detailed characterization of drought-responsive fungi and their underlying phylogenetic patterns. Therefore, we restricted our analyses to an exploration of beta-diversity trends. We assessed the effect of the experimental variables in the overall composition of profiles that either included (INC) or excluded (EXC) the unclassified OTUs. PERMANOVA performed on Bray-Curtis dissimilarities revealed that, in both cases, the overall composition of the fungal communities was significantly affected by compartment (INC, *R*^2^ = 0.091, *P* \< 0.001; EXC, *R*^2^ = 0.123, *P* \< 0.001), soil type (INC, *R*^2^ = 0.329, *P* \< 0.001; EXC, *R*^2^ = 0.332, *P* \< 0.001), drought treatment (INC, *R*^2^ = 0.024, *P* \< 0.001; EXC, *R*^2^ = 0.022, *P* \< 0.001), and cultivar (INC, *R*^2^ = 0.013, *P* = 0.010; EXC, *R*^2^ = 0.013, *P* = 0.026). Unconstrained PCoA and partial CAP further confirmed these results ([Fig. S7C](#figS7){ref-type="supplementary-material"} to [G](#figS7){ref-type="supplementary-material"}), displaying similar patterns to the ones observed for the 16S profiles. Thus, despite the variation across compartments, soil types, and cultivars, the overall composition of the root-associated fungal communities is restructured by drought stress.
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Analysis of fungal OTUs in watered and drought-treated samples. (A) Relative abundances of the most abundant higher taxa in each sample. The phyla *Ascomycota* (Asc.) and *Basidiomycota* (Bas.) have been split into their main classes. Color bars at the bottom indicate the cultivars from which the sample was collected: G1, TOg7102; G2, CG14; S1, IR20; and S2, M206. (B) Distribution of unassigned reads in the 16S and ITS1 data sets. (C to F) Compartment, soil type, drought treatment, and cultivar shape the overall composition of root-associated communities. (C to E) Unconstrained analyses of principal coordinates of ITS1 profiles with unclassified OTUs included (top set of panels) and excluded (bottom set of panels). (F) Partial canonical analyses of principal coordinates constrained to cultivar effect while controlling for soil, treatment, and compartment effects. (Top panels) Unclassified OTUs included. (Bottom panels) Unclassified OTUs excluded. All beta-diversity analyses were performed on Bray-Curtis dissimilarities. Download FIG S7, EPS file, 2.9 MB.
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DISCUSSION {#s2}
==========

This study provides a detailed characterization of the effect of drought stress on root-associated microbiomes using the crop plant rice. Through a multifactorial greenhouse experiment that encompassed some of the main sources of variation in root communities, we were able to assess the extent and conservation of the microbial response across a representative compositional landscape. After a 3-week-long drought treatment, we observed a major shift in the bacterial, archaeal, and fungal communities assembled in the rhizospheric and endospheric compartments of four phylogenetically divergent rice varieties grown in three different soils. While poor taxonomic classification of fungal OTUs impeded a detailed investigation of taxa affected by drought stress, analysis of the bacterial communities revealed extensive taxonomic restructuring. This compositional transition involved significant changes in the relative abundances of a broad set of bacteria that spanned many prominent phyla and classes in the community. In particular, several OTUs belonging to the phyla *Actinobacteria* and *Chloroflexi*, as well as classes *Alphaproteobacteria*, *Bacilli*, and *Planctomycetia*, were significantly enriched under drought, whereas OTUs from the phylum *Acidobacteria* and classes *Deltaproteobacteria*, *Clostridia*, and *Bacteroidia* were generally depleted. These taxonomic trends were observed across all soil types despite their intrinsic compositional differences, indicating that drought stress had a reproducible effect on the root-associated communities of rice.

Assessment of the cohesiveness of drought response within higher taxa further revealed that shifts in relative abundances of these drought-responsive OTUs generally followed a consistent trend within certain phyla, classes, orders, and families. Such patterns could be reflecting the functional capabilities and life strategies shared by particular bacterial lineages ([@B23], [@B26]). For example, cell wall characteristics have previously been associated with desiccation tolerance. In particular, monoderm bacteria with thick cell walls have been shown to be better at resisting water stress ([@B27]). These properties might explain the conspicuous enrichment of *Actinobacteria* and *Chloroflexi* observed in drought-stressed communities. Interestingly, classes within *Firmicutes* (the other main monoderm phylum) showed two distinct responses: while *Bacilli* OTUs were overabundant under drought, *Clostridia* OTUs were depleted. Considering that the latter group is strictly anaerobic ([@B28]), an increase of oxygen levels after water withdrawal might have contributed to this differential response within the phylum. Additionally, several members of *Actinobacteria* are characterized by their filamentous growth habit and their ability to produce stress-resistant spores ([@B29]), two traits that could help this group resist drought stress. Other adaptive mechanisms to counteract water stress include osmoprotectant production, biofilm formation, and DNA repair upregulation ([@B30]), traits that could be prevalent in the set of microorganisms enriched under drought. Large-scale genome and metagenome sequencing of drought-enriched microbiota could further provide clues to possible functions that might contribute to tolerance to drought and other abiotic stresses in these taxa.

By simultaneously surveying the microbial communities assembled in the rhizosphere and endosphere, we were able to identify conserved and compartment-specific responses to drought. We found that a considerable fraction of OTUs affected by drought were only responsive in either the rhizosphere or the endosphere ([Fig. 5A](#fig5){ref-type="fig"}). Furthermore, OTUs that were exclusively drought-depleted in one compartment were also differentially abundant between the rhizosphere and endosphere of control plants, indicating that compartment-specific drought depletion is likely linked to preexisting compositional differences between compartments. In contrast, most OTUs that were drought enriched in only one compartment were not differentially abundant between the rhizospheres and endospheres of control plants. This last observation suggests that compartment-specific drought enrichment was not a product of predispositional differential abundances between compartments, but was rather a *de novo* restructuring of the rhizosphere and endosphere microbiota under drought pressure. The plant response to water deficit could have mediated some of these compartment-specific enrichments as drought triggers a complex molecular and physiological response to which associated microbes can actively react ([@B31]). For example, water stress can modify the amount and composition of root exudation ([@B19], [@B20]), which could potentially lead to the selective enrichment of certain microorganisms in the rhizosphere. Furthermore, roots can counteract the hyperosmotic conditions generated by drought through the synthesis and accumulation of osmolytes ([@B32]), a mechanism that allows plants to retain sufficient internal moisture to maintain their viability. Such plant responses could facilitate the enrichment of particular bacteria in the endosphere. Further studies (e.g., using mutants impaired in drought responses or drought-tolerant accessions) could shed light into these processes. We identified consistent genotypic differences in microbiota composition between the tested rice varieties, specifically between the *Oryza glaberrima* and *Oryza sativa* cultivars ([Fig. 1D](#fig1){ref-type="fig"}). Nevertheless, despite *O. glaberrima* being more drought tolerant than *O. sativa* ([@B21]), we were unable to identify a strong genotype-drought treatment interaction, and only a few individual OTUs were shown to have a differential response to drought based on genotype ([Fig. S6](#figS6){ref-type="supplementary-material"}). This suggests that the communities assembled in each cultivar responded consistently to the drought treatment. However, we cannot exclude subtle microbiome differences resulting as a product of genotype-treatment interaction that were not captured by this experimental design.

A central question is whether the observed drought-mediated changes in the root-associated communities are beneficial to the host plants, particularly in coping with drought stress. Plants grown in association with soil microbial communities that have previously experienced drought conditions have been shown to increase their host fitness under stress ([@B33]). Moreover, interactions with particular members of the microbiome can promote plant survival under water deficit conditions. Fungal symbionts have been shown to mediate stress tolerance through several mechanisms, including readjustment of the osmotic potential, increase in water use efficiency, and synthesis of antioxidant enzymes ([@B34]). Rice plants, in particular, have been reported to exhibit tolerance to salt and drought stress after being colonized by class 2 fungal endophytes ([@B35]). While we were not able to investigate the detailed taxonomic response to drought of fungal OTUs due to the large fraction of unclassified taxa, these limitations might be better addressed in future studies by expanding the databases used to assign taxonomies or by using alternative amplicons to ITS1 to survey the fungal diversity. In the case of bacteria, members of some of the drought-enriched taxa detected in our experiment have been identified as plant growth-promoting bacteria that can confer increased drought tolerance to the host. Multiple *Bacillus* species have been shown to promote drought resistance in various plant models, including *Arabidopsis* ([@B36]), *Brachypodium* ([@B37]), pepper ([@B38]), and rice ([@B39]). *Herbaspirillum seropedicae*, a species of the family *Oxalobacteraceae* (the main *Betaproteobacteria* drought-enriched family found in the endosphere of our samples) can help common beans recover from water stress ([@B40]). *Actinobacteria*, the phylum with the most prominent drought enrichment, is associated with the synthesis of antibiotics and other bioactive compounds, including growth-promoting substances ([@B41], [@B42]). Previous studies have implicated *Actinobacteria* in plant defense against fungi in wheat and strawberry, as well as promoting plant defense signaling in *Arabidopsis* ([@B43], [@B44]). Therefore, it is possible that the enrichment of *Actinobacteria* under drought confers advantages to the plant in defense against pathogens during a potentially debilitating environmental stress. In addition, the enrichment of specific bacterial taxa might also be a plant-directed mechanism to maintain an active microbiome in the face of an external challenge through promotion of specific taxa better adapted to surviving the stress. Definitive answers to these questions might require the development of functional assays, using systems in which microbial assemblages enriched by drought can be tested independently of the variables imposed by soil chemistry and structure.

MATERIALS AND METHODS {#s3}
=====================

Experimental design. {#s3.1}
--------------------

All data presented in this article were generated from a greenhouse study carried out at University of California---Davis in the summer of 2016. In brief, four rice varieties grown in three different soils were exposed to two watering regimes. The experiment was set up following a split plot with factorial subplot design in which the watering regime was assigned to the main plots and combinations of soil type and cultivar were assigned to the subplots ([Fig. S1A](#figS1){ref-type="supplementary-material"}, [B](#figS1){ref-type="supplementary-material"}, and [D](#figS1){ref-type="supplementary-material"}). Specifically, eight 23-gallon plastic tubs were arranged in a 2-by-4 configuration, with each tub holding 15 5.5- by 5.5-inch pots: 12 to cover all combinations between the 4 cultivars and 3 soil types and 3 for unplanted bulk soils. Half of the tubs were subjected to a dry-down regime, while the rest remained under well-watered conditions. This design resulted in 4 biological replicates per soil-cultivar-treatment combination.

Soil collection and processing. {#s3.2}
-------------------------------

The soils used in this experiment were collected from three geographically distant locations along the California Central Valley ([Fig. S1C](#figS1){ref-type="supplementary-material"}): an agricultural plot in Arbuckle (39°0′42.235″N, 121°55′19.632″W), a plot in the California Rice Experiment Station at Biggs (39°27′50.8″N, 121°44′14.4″W), and an experimental plot in Davis (38°32′37.91 N, 121°48′44.027″W). All soils were collected and transported to a greenhouse at University of California---Davis on 3 June 2016, where they remained stored until 20 June 2017. Individual soils were then thoroughly homogenized, scooped into 5.5- by 5.5-inch pots (40 pots per soil type, 2,000 g of soil per pot), and distributed across 8 23-gallon plastic tubs. Prior to seedling transplantation, enough water was added to the tubs to submerge the soils.

Seed germination and plant growth. {#s3.3}
----------------------------------

The varieties used in this experiment spanned the two species of domesticated rice: *Oryza sativa* was represented by the accessions M206 (subsp. *japonica*) and IR20 (subsp. *indica*), while *Oryza glaberrima* was represented by the accessions TOg7102 and CG14. For each variety, dehulled seeds were surface sterilized (50% bleach for 5 min, followed by washes with autoclaved water), plated on Murashige and Skoog (MS) agar, and germinated in a growth chamber for 7 days. On 22 June 2016, axenic seedlings were transplanted to pots in the greenhouse, where they were irrigated with deionized water every other day to keep the soil under submergence. Nutrient water was supplied on two occasions: 7 and 21 days after transplantation.

Drought treatment. {#s3.4}
------------------

Four weeks after the seedlings were transplanted, water was drained from the plastic tubs, and soils were allowed to dry until half of the plants exhibited drought stress symptoms (leaf curling and senescence), which occurred 5 days after water withdrawal. At this point, 1 liter of deionized water was added to the tubs every other day, which kept the plants alive (as evidenced by plants recovering their turgidity a few hours after water addition) but under stress (as evidenced by the resurgence of wilting 2 days after water addition). For control plants, tubs were irrigated every other day to keep the soil under submergence. Three weeks after water withdrawal, samples were harvested.

Sample collection, processing, and DNA extraction. {#s3.5}
--------------------------------------------------

Samples were collected over a 2-day period (10 to 11 August 2016). Each day, four full tubs were processed: two for each watering regimen to guarantee that all factor combinations were equally represented. Sample collection and compartment separation were done following a previously described protocol ([@B5]). Briefly, harvested roots were vigorously shaken to remove loose soil and then placed into 50-ml Falcon tubes with 15 ml of autoclaved phosphate-buffered saline (PBS) solution. For consistency, we only collected the 5 cm of root immediately below the root-shot junction ([Fig. S1E](#figS1){ref-type="supplementary-material"}). The rhizospheric compartment was separated by thoroughly vortexing the roots and collecting 500 µl of the resulting soil suspension in PowerBead tubes (Mo Bio Laboratories). For collection of the endosphere compartment, roots were thoroughly washed in fresh PBS to further discard any remaining soil and sonicated three times (50 to 60 Hz for 30 s) to remove the rhizoplane microorganisms. Sonicated roots were placed in PowerBead tubes and homogenized by intense agitation for 1 min (Mini Beadbeater; BioSpec Products). Bulk soil samples were collected \~5 cm below the soil surface. DNA extractions were performed immediately after compartment separation, following the PowerSoil DNA isolation kit (Mo Bio Laboratories) protocol.

Water levels. {#s3.6}
-------------

For each pot, soil samples were collected at the end of experiment on 50-ml Falcon tubes. After recording the initial weight, samples were placed and left inside a 42°C oven for 4 months. The dry weight of the samples was then recorded, and the percentage of moisture was calculated.

Library construction and sequencing. {#s3.7}
------------------------------------

Library construction followed a previously described dual-indexing strategy ([@B5], [@B45]). For 16S rRNA gene libraries, the V4 region was amplified using the universal primers 515F and 806R. Amplification was carried out with the following touchdown PCR program: a first phase consisting of 95°C for 5 min, followed by 7 cycles of 95°C for 45 s, 65°C for 1 min (decreasing at 2°C/cycle), and 72°C for 90 s, with a second phase consisting of 30 cycles of 95°C for 45 s, 50°C for 30 s, and 72°C for 90 s, followed by a final extension at 72°C for 10 min. For fungal libraries, the ITS1 region was amplified using the universal primers ITS1-F and ITS2 ([@B24], [@B25], [@B46]). Amplification was carried out with the following touchdown PCR program: a first phase consisting of 95°C for 5 min, followed by 35 cycles of 95°C for 45 s, 50°C for 60 s, and 72°C for 60 s, followed by a final extension at 72°C for 10 min. All PCR amplifications were performed using the HotStar HiFidelity polymerase kit (Qiagen) with the following components: 6.25 µl H~2~O, 2.5-µl HotStar PCR buffer, 1.25 µl forward primer (10 µM), 1.25 µl reverse primer (10 µM), 1 µl template DNA, and 0.25 µl HotStar polymerase. After running a 1% agarose gel to verify proper amplification, libraries were cleaned with AmPure XP magnetic beads (Beckman Coulter, Inc.), quantified (Qubit dsDNA HS assay kit; Thermo Fisher Scientific), and pooled in equimolar concentrations. Pooled libraries were then concentrated, gel purified (Nucleoscopic gel and PCR cleanup kit; Macherey-Nagel), quality checked (BioAnalyzer HS DNA kit; Agilent Technologies), and submitted for 2- by 250-bp Miseq sequencing (Illumina) to the DNA Technologies and Expression Analysis Cores at the UC Davis Genome Center (supported by NIH Shared Instrumentation Grant 1S10OD010786-01).

Sequence processing for 16S. {#s3.8}
----------------------------

The paired-end reads were demultiplexed with custom scripts (<https://github.com/RiceMicrobiome/Edwards-et-al.-2014/tree/master/sequencing_scripts>) and assembled into single sequences with PANDAseq ([@B47]). Chimeric sequences were detected and discarded with usearch61 ([@B48]). OTU clustering at 97% identity was performed with the QIIME ([@B45]) implementation of UCLUST ([@B48]), using an open reference strategy against the 13_8 release of the Greengenes 16S sequence database ([@B49]). Representative sequences were then aligned with PyNAST ([@B50]), and a phylogenetic tree was built with FastTree ([@B51]). OTUs classified as mitochondria and chloroplast were discarded from the OTU table, and nonprevalent OTUs (defined as OTUs not present in at least 5% of our samples) were filtered out.

Sequence processing for ITS1. {#s3.9}
-----------------------------

The paired-end reads were demultiplexed with the custom scripts mentioned above, and primer regions were removed with Cutadapt ([@B52]), with a required minimum overlap of 10, a minimum final sequence length of 10, and a quality trim score of 10. Reads were then assembled into single sequences with PANDAseq ([@B47]), and the flanking ribosomal small subunit and 5.8S regions were removed with ITSx ([@B53]). Chimeric sequences were detected and discarded with usearch61 ([@B48]). OTU clustering at 97% identity was performed with the QIIME ([@B45]) implementation of UCLUST ([@B48]), using an open reference strategy against version 7 of the UNITE database ([@B54]) and allowing reverse strand matching. Taxonomy assignment was performed at a 0.65 similarity threshold. OTUs classified as *Plantae* or *Protista* were discarded from the OTU table, and nonprevalent OTUs (defined as OTUs not present in at least 5% of our samples) were filtered from the data set before analysis. The consensus sequences of the five most abundant OTUs without an assigned classification at the kingdom level were aligned against the NCBI nr/nt database using the BLAST algorithm. The top three and the fifth unclassified OTUs returned best hits to ribosomal RNAs of uncultured fungi (E values ranging from 4e−23 to 2e−50), while the fourth unclassified OTU returned no significant hits.

Statistical analyses. {#s3.10}
---------------------

All analyses were conducted in the R Environment version 3.2.3 ([@B55]). For beta-diversity analyses (i.e., PERMANOVA, CAP, and PCoA), OTU counts were normalized using the variance-stabilizing transformation implemented in DESeq2 ([@B56], [@B57]). Weighted UniFrac distances ([@B58]) were then calculated with phyloseq ([@B59]). Unconstrained principal-coordinate analysis was performed with the pcoa function from the ape package ([@B60]). The adonis and capscale functions from the vegan package ([@B61]) were used to perform permutational multivariate analyses of variance and canonical analyses of principal coordinates, respectively. For phylum-level analyses, raw OTU counts were collapsed by phylum or, in the case of *Proteobacteria*, by class. Differential abundance analyses were performed with DESeq2 ([@B56], [@B57]) for both OTUs and phyla. All plots were generated with the ggplot2 package ([@B62]), except for the taxonomic dendrograms, which were plotted with graphlan ([@B63]), and the Venn diagrams, which were plotted with the VennDiagram package. All scripts and intermediate files have been deposited in GitHub (<https://github.com/cmsantosm/Drought-Root-Microbiome>).

Accession number(s). {#s3.11}
--------------------

Raw reads have been deposited in the Short Read Archive of NCBI under project no. [PRJNA386367](https://www.ncbi.nlm.nih.gov/bioproject/PRJNA386367).
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